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ABSTRACT 
The objec t ive  of t h i s  research program w a s  t o  develop high-density s l u r r i e s  
su i t ab le  f o r  use as pressure-transmitt ing media i n  hydros t a t i c  t e s t i c g  of s tage  
propel lan t  tanks. This included a determination of t h e  range of d e n s i t i e s  t h a t  
could be obtained; determiration of mixture s t a b i l i t i e s ;  determination of com- 
p a t a b i l i t y  with s tage  and s tage  component mateyials; and t h e  d e f i n i t i o n  of 
pmping, storage, ar,d other handling techniques. 
Water-based s l u r r i e s  were formulated from a l a r g e  number of mater la l s  and 
i,t w a s  conclusively shown t h a t  spec i f i c  g r a v i t i e s  from two t o  s i x  could be 
achieved with r ead i ly  ava i lab le  mater ia l s  and conventional chemical processing 
equipnent. 
f o r  producing s t a b l e  s l u r r i e s  over a wide range of s p e c i f i c  g rav i t i e s .  Labora- 
t o r y  data ind ica t e  t h a t  t hese  s l u r r i e s  a l s o  a c t  as p r e s s w e  t r a n s n i t t l n g  media. 
Additional s tud ie s  a re  des i r ab le  i n  order t o  evaluate more f u l l y  and to improve 
t h e  corrosion c h a r a c t e r i s t i c s  of t h e  s l u r r i e s  when i n  contact with aluminum a l -  
Lead oxide ( l i t h a r g e )  was shown t o  be the  most su i t ab le  mater ia l  
loys .  
A preliminary economic ana lys i s  favors the  cocs t ruc t ion  of an on-s i te  
p l an t  for producing s l u r r i e s  i n  quan t i t i e s  of up t o  one mi l l i on  gallons.  
d i t i o n a l  protoxype and p i i o t - p l a n t  s tud ies  a re  recurnneiiclei?, IioWevSr, “vef3i-e 
cons t ruc t ion  of a p l an t  i s  undertaken f o r  la rge-sca le  production. 
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I. INTRODUCTION AND S?ECIFIC OBJECTIVES 
The l i qu id  i n  t h e  s tage propellant tanks of a rocket i s  subjectec! 50 
severa l  times t h e  normal grav i ta t iona l  a t t r a c t i o n  under operat ional  conditions.  
%e propel lant  tanks must be designed t o  withstand these add i t iona i  s t r e s s e s  
ye t  must a l s o  meetstfingent weight l imitat ions.  Thus, p roof - tes t ing  of pro- 
pe l l an t  tanks should be performed under conditiollis c lose ly  approaching those 
of' ac tua l  operation f o r  an optimum matching of weight and performance. 
Figure 1 i l l u s t r a t e s  t h e  typical re la t ionships  between l i q d i d  depth and 
hydros ta t ic  pressure f o r  incompressible f lu ids .  Curve "a" shows the  FyTd~o- 
s t a t i c  pressure versus height fo r  a f l u i d  of u n i t  dens i ty  subjec t  to normal 
g rav i t a t iona l  a t t r a c t i o n  and exposed t o  t h e  atmosphere. 
j ec ted  t o  a u l L e e - p r e s s m e , t h e  curve i s  simply sh i f t ed  t o  higher  pressures 
with no change of slope as i s  i l l u s t r a t e d  by curve 
sen t s  t h e  press'me p r o f i l e  of a pressurized propel lant  tank before engine ig-  
n i t i o n  and l i f t - o f f .  When the  grav i ta t iona l  a t t r a c t i o n  i s  increased from one 
t o  four ,  t he  slope of curve b i s  changed by a f ac to r  of 4 and t h e  r e s u l t h g  
press-me p r o f i l e  i s  depicted by curve c . Therefore, curve c represents  
t h e  t r u e  pressure conditions within a f u l l  propel lant  tank f i l l e d  wi%h u n i t  
dens i ty  l i q u i d  under four times normal g rav i t a t iona l  acce lera t ion  and noma1 
ul lage-pressure.  To simulate t h e  most extreme pressure condition which e x i s t s  
2% the  tank bottom with a u n i t  density f l u i d  t h a t  i s  subjec t  only t o  normal 
g r a v i t a t i o n a l  a t t r a c t i o n  requi res  a very largeullage-gressurewith t h e  r e s u l t  
t h a t  a,lP of t h e  tank except t h e  bottom i s  s t ressed  we l l  beyond maximum operating 
limits. This condition i s  i l l u s t r a t e d  by curve "d". 
t e s t e d  i n  t h i s  manner must have upper wall-thickness considerably grea te r  than 
axe requi red  under ac tua l  operating conditions. However, i f  pressure t e s t i n g  
If t h i s  flu5.d i s  sub- 
"b". Curve "b" thus repre- 
I f  If 
I t  1 1  11  f l  
A tank t h a t  i s  proof- 
1 
Liquid Height 
Figure 1. Hydrostatic Pressure f o r  Various Com- 
binations of Liquid Depth, Density, 
Gravitational Acceleration and Ullage- 
Pres su re .  
2 
. 
I -  were accomplished with a f l u i d  having a dens i ty  of four,  subjec t  t o  normal 
g r a v i t a t i o n a l  a t t r a c t i o n  and t h e  ac tua l  operating ullage-pressure,  t he  pressure 
p r o f i l e  would be i d e n t i c a l  w i t h  t h a t  of curve 
weigkt should be possible  because of t h e  decreased w a l l  th ickness  required f o r  
real is-f ; ic  proof - tes t ing .  
"c". A considerable savings i n  
Because of  t he  l a rge  q u a n t i t i e s  of high dens i ty  f l u i d  required f o r  a - t a . 1  
pressure t e s t i n g  and the general  lack of such f l u i d s  it i s  technical2.y and 
economically more f eas ib l e  t o  consider t he  use of high-density slurries f o r  th l s  
purpose - 
The purpose of t h i s  study thus has  been 50 develop high-density s lurr ies  
whick would be su i t a5 le  f o r  use as media f o r  hydros ta t ic  t e s t k g  of stage- 
propel lan t  tanks.  The p r i n c i p a l  part o f  the  study consisted. of an en&-eering 
search for dense, granular  s o l i d s  f rom wkich slurries could be produced wfth a 
specific grav i ty  range from two t o  about f i v e  o r  six. S lur ry  formi;ilations 
meeting these  dens i ty  standards were a l s o  required t o  be chemiczlly s t a b l e  and 
non-se t t l ing  f o r  extended per iods of time; t o  be i n e r t  t o  l f @ d  oxygen, liqLi.3 
n i t rogen  and hydrocarbon fue l s ;  t o  transmit hydraulic pressure as does an i n -  
compressible f lu id ;  t o  be compatible with s tage component materials; t o  be 
reaaily preparable and pumpable with conventional chenical  ;processing eq.~.ipen-t;  
and t o  be e a s i l y  removable from tanks and piping by water f lushlng.  
To be economically feas ib le ,  f inished slurry fo rmuk t ions  must be reasozably 
pr iced  and composed of such r ead i ly  avai lable  materials that  purchases of l a r g e  
T J a n t i t i e s  woiild not  s e r ious ly  d is turb  e x i s t i n g  markets. Pecomendatiocs of pre- 
parat ion:  storage,  and t r a n s f e r  techniques f o r  su i t ab le  s l u r r y  formulations arid a 
cos5 a n a l y s i s  f o r  t he  materials and equipment required a l s o  formed a p a r t  of the 
study. 
3 
11. EXPERIMENTAL METHODS 
An extensive survey of the  chemical and physical  p roper t ies  of a i a rge  
a-mber of dense, granular  s o l i d s  revealed t h a t  oxides of lead, zinc m d  t i t an l Jn ;  
and barium sulfa3e possessed many of the  proper t ies  desired f o r  the  purposes of 
t h i s  study. 
spec’lfic g rav i t i e s ,  i . e . ,  f rom about f o u r  t o  s ix .  Thorfa, tungsten carbide, 
ar,d severa l  other  dense mater ia ls  were elimina+,ed from considerat ion pr imari ly  
Secanse of t h e i r  high cos t  and l i m i t e d  a v a i l a b i l i t y .  Water was selected for 
i n i t i a l  use as t he  continuous medium i n  the  slurry formulations, p r inc ipa l ly  
because it i s  r e l a t i v e l y  i n e r t ,  cheap, and p l e n t i f u l .  The experirnerksl research 
plar, thus  w a s  t o  formulate water-based s l u r r i e s  from the  rnaterizls ozt l ined above 
nsing a va r i e ty  of dispers ing agents, s o l i d s  loadings, and solids s fze  S - i ” s t r i -  
butions;  t o  evaluate t h e i r  s a i t a b i l i t y ;  and t o  r e f i n e  t h e  more promising formu- 
l a t i o n s  t o  meet cont rac t  spec i f ica t ions .  
Lead and zinc powder a l so  appeared t o  be su i t ab le  for t5e higher 
I n i t i a l  experimental e f f o r t s  were d i rec ted  t o  a determination of  the n a x i m u m  
amoixt of each of t he  mater ia l s  selected t h a t  could be incorporated i n t o  a wgter 
s l u r r y  without excessive lumping or other s igns of p a r t i c l e  agglomeration or 
poor wet t ing.  A s  expected, the  amount of ar,y given mater ia l  t h a t  could be di-s- 
persed d-epende? strongly on the particle s l z e  d i s t r i b u t i m  slid the  spec i f ic  
surface area.  
p l e t e l y  t h e i r  l a rge  surface areas  and a lower s o l i d s  loading l i m i t  was establ ished 
as opposed t o  the  coarser,  smaller specif ic  surface a rea  powders. Orxe dispersed, 
however, t he  powders with the  f i n e r  s ize  d i s t r i b u t i o n s  exhibi ted mmh slovey 
s o l i d s  se5 t i i ng .  
The very f i n e  powders required considerably more water t o  wet com- 
‘me most c r i t i c a l  parameters for  prodzcing heavi ly  loaded s l u r r i e s  t h a t  
e x h i b i t  minknal s e t t l i n g  a r e  t h e  s i z e  d i s t r i b u t i o n  of the  suspended p a r t i c l e s  
4 
and the type and amount of dispersing agent present. 
the normal colloidal stability criterion of double-layer interactions and the 
A careful balance between 
principle of minimum void space among particles is required to achieve the very 
high solids loadings necessary for high-density slurries and still retain high 
fluidity. Maximum density for mechanical packing of particles requires a wide 
distribution of sizes to permit smaller-diameter particles to occupy the other- 
wise void spaces in the interstices among larger-diameter particles. Although 
a stable slurry is quite different from a simple mechanical mixture of particles 
the general principle of minimum void space among particles is, nevertheless, 
believed to be an important consideration in producing high-density slurries. (1) 
The type and amount of primary dispersing agent used determines the polarity 
of the slurry, i.e., whether it is anionic, cationic, amphoteric, or non-ionic, 
and, to some extent, establishes the intensity of particle-to-particle inter- 
actions. The dispersing agent is also believed to liberate adsorbed water from 
the surface of the suspended solids thereby giving a somewhat more fluid suspen- 
sion. A protective colloid is frequently used in conjunction with the primary 
dispersant. Casein solutions, methyl or ethyl cellulose and polyacrylates are 
most often used as protective colloids. Their purpose is to extend the range 
of kartlcie-to-particie i.epu-isiv-z forces zii& tllereby agglorLeration and 
subsequent solids settling. Gelling agents may also be used to flocculate the 
slurry very slightly and thereby retard particle settling. providing a weak 
but continuous gel structure, hard settling of particles is eliminated and re- 
dispersion is facilitated. Some other parameters affecting slurry stability are 
the order of addition of ingredients, pH, viscosity, specific surface area, 
McGeary, “Mechanical Packing of Spherical Particles,” J. Am. Ceram. 
., Soc - 44, 513-522 (1961). 
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surface treatment, and powder we t t ab i l i t y .  Detailed t echn ica l  da t a  including 
p a r t i c l e  s i z e  d i s t r ibu t ion ,  spec i f i c  grav i ty ,  surface treatment, spec i f i c  
surface area, a v a i l a b i l i t y  and cos t  were obtained f o r  a number of commercially 
ava i l ab le  metal and metal oxide powders. 
Samples of these  ma te r i a l s  were acquired and numerous t r i a l  slurry formu- 
l a t i o n s  were prepared from each. The s o l i d s  included s i x  d i f f e r e n t  grades of 
zinc oxide powder, two grades of barium s u l f a t e  powder, four grades of t i tanium 
dioxide powder, two grades of lead  oxide ( l i t h a r g e ) ,  one grade of zinc powder, 
and two grades of l ead  powder. 
A. Method of Preparation 
A so lu t ion  of hot water and dispersing agent w a s  prepared by slowly adding 
d ispers ing  agent t o  the  water with mild a g i t a t i o n  u n t i l  a l l  of t he  d i s p e r s a r t  
w a s  dissolved and t h e  so lu t ion  w a s  homogeneous. The degree of a g i t a t i o n  w a s  
then increased t o  t h e  h ighes t  l e v e l  possible without i ndwing  foaming or a i r  
entrainment by vortexing and t h e  so l id  powder w a s  added slowly i n  small quanti-  
t i es .  The a g i t a t o r  speed w a s  fu r the r  adjusted t o  higher l e v e l s  as the  v i scos i ty  
of t h e  slurry increased and t h e  r a t e  of s o l i d s  addi t ion  w a s  decreased propor- 
t i o n a t e l y  as the  time required f o r  wetting and d ispers ion  increased, 
about one-third t o  one-half of t he  t o t a l  s o l i d s  had been added, s o l i d s  addi t ion  
was stopped and the  d i l u t e  slurry was mixed a t  high speed f o r  about f i v e  minutes. 
This p o c e d u r e  w a s  repeated severa l  times during t h e  addi t ion  of t he  renaining 
s o l i d s .  This step-wise addi t ions  of s o l i d s  permitted b e t t e r  wetting and d i s -  
pers ion  of small agglomerates than could be achieved by continuous s o l i d s  ad- 
d i t i o n .  
s i l i c o n e  anti-foam emulsion were added t o  a i d  i n  t h e  elimination of entrained 
a i r  and t o  prevent f u r t h e r  foaming. 
Af te r  
After t h e  addi t ion  of each so l id s  increment, a few drops of d i l u t e ,  
6 
Several d i f f e r e n t  types of ag i t a t ion  systems were evaluated. These included 
propel lors ,  paddles, turbine impellers, and high-shear, twin-blade homogenizers. 
A turbine-type impeller located very near t he  bottom of the  mixing container  gave 
t h e  bes t  combination of f l u i d  shear and c i r c u l a t i o i  needed for dispersing l a rge  
quan t l t i e s  of so l ids .  
but ge.aeraUy decreased t o  about 100 t o  llO°F by the  end of so l id s  addi t ion.  
use of ho t  water improved the  rate of s o l i d s  wetting and a l s o  resu l ted  i n  lower 
power requirements f o r  mixing because of  decreased s l u r r y  v i s c o s l t i e s  a+, elevate6 
temperatures. 
The i n i t i a l  water temperature w a s  between 160 and 180°F 
The 
Ir? most instances,  t h e  f in i shed  s l u r r y  formulation w a s  passed through a 
col loid- type dispers ing m i l l  t o  assure complete wet t ing and dispers ion of t he  
so l id s .  
the  col loid- type m i l l ,  uniform grinding i n t o  the  lower micron s i ze  racges w a s  
also poss ib le .  
By operating a t  low clearances between the  conica l  r o t o r  and s t a t o r  of' 
The density,  pH, v iscos i ty ,  and per  cent  t o t a l  s o l i d s  were determined fo r  
each s l u r r y .  The most promising were f u r t h e r  tes ted  for p a r t i c l e  s i ze  d i s t r i -  
bution, s e t t l i n g  r a t e ,  cryogenic l i qu id  compatability and corrosion charac- 
t e r i s t i c s .  
--- P a r t i c l e  Size Dis t r ibu t ion  Measurements B. 
The p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t h e  suspended so l id s  was determined with 
a Coulter Counter, (Coulter Indus t r i a l  Sa les  Co., Chicago, I l l i n o i s ) .  
instrument e l ec t ron ica l ly  sizes and counts individual  p a r t i c l e s  as they flow 
through a small aper ture .  A very d i lu t e  suspension i n  a weak e l e c t r o l y t e  solu- 
%ion i s  prepared of t he  p a r t i c l e s  t o  be measured. The p a r t i c l e  concentration of  
t he  suspension i s  s u f f i c i e n t l y  d i lu t e  that individual  p a r t i c l e s  m a y  pass through 
t h e  apertwre e s s e n t i a l l y  one a t  a time. 
P5.s 
During operation, a known po+,ential i s  
7 
es tab l i s3ed  between two e lec t rodes  which a r e  located on opposite s ides  of t be  
aperture ,  and. a pressure d i f f e r e n t i a l  i s  es tab ls ihed  across  the  aperture  by un- 
balancing a mercury manometer connected t o  t h e  e l e c t r o l y t e  system. Tce d i l u t e  
suspension flows from a beaker surrow-ding the  aperture  tube through t he  
aFerture  and i n t o  a co l l ec t ing  vessel .  A s  t h e  p a r t i c l e s  pass through t h e  
aper ture  they momentarily change the e f f e c t i v e  conductivity of the  aperture  
pa th  by an amount t h a t  i s  proportional t o  the  p a r t i c l e  volume. m e  r e su l t i ng  
e l e c t r l c a l  pulses  a r e  received by the e l ec t ron ic  por t ion  of the  counter where 
they a r e  amplified, scaled and counted. By varying the  current  s c r o s s  t he  
aperture ,  t he  e f f e c t i v e  s i z e  l i m i t  of t he  aper ture  c m  be var ied and. eo-mts can 
be obtained. at a s e r i e s  of leve ls .  In t h i s  manner a coxplete d i s t r i b u t i o n  of 
p a r t i c l e  s i z e s  may be obtained. A s  many as 6000 p a r t i c l e s  per second e a  be 
coun5ed and s ized with t h i s  device. The d i s t r i b u t i o n s  thus obtained are 
genera l ly  much more s ign i f i can t  from a s t a t i s t i c a l  po in t  of view than those 05- 
t a ined  by microscopic or other  Clirect measurement methods. 
parameter measured with t h i s  method is  t h e  displaced p a r t i c l e  vol-mie, t h e  re-  
Also, s ince the  
sultZng d i s t r i b u t i o n s  a r e  much more sens i t i ve  t o  p a r t i c l e  agglomerakion than 
C.  P a r t i c l e  Size Reduction Methods 
Since t h e  p a r t i c l e  s i z e  d i s t r ibu t ion  of many of t h e  metal oxides as sup- 
p l i e d  by manufacturers was too coarse f o r  s t ab le  slurry formulations, s i ze  
reduct ion  w a s  accomplished e i t h e r  by grinding i n  a Tri-Homo, col loid- type m i l l ,  
(Pa t t e r son  Indus t r ies ,  East Liverpool, Ohio), or by wet ba l l -mi l l ing .  The T r i -  
Homo m i l l  i s  -par t icular ly  useful  i n  the preparat ion of s l u r r i e s  because the high- 
shear  g rad ien t s  es tab l i shed  i n  it between two conical  r o t o r s  a r e  very e f f ec t ive  
8 
in dispersing small agglomerates that may have developed during solids addition. 
Considerable solids grinding is also possible with the Tri-Homo although it will 
not approach the ball-mill in the ultimate fineness attainable. 
~- 
D. pH Measurement 
The pH of each slurry was measured by immersing standard glass and 
calomel electrodes of a Beckman pH meter (Beckman Instruments, Fullerton, 
California) directly in the slurry and recording the meter reading. 
each measurement, the electrodes were carefully rinsed with distilled water to 
remove all residual slurry; they were kept immersed in clean, distilled water 
when riot in use. 
baffer solution having a pH of 7.0. 
After 
The meter was standardized at leas+, once each day with a 
E. Density Measurement 
The specific gravity of each slurry formulation was determined by weighing 
a knownvolmeof slurry to the nearest tenth of a gram. 
F. Rheological Measurements 
The rheological properties of the slurries were determined by measuring 
apparent viscosities with a Brookfield LVF viscosimeter at various shear rates 
and with several different spindle sizes. Since slurries are inherently non- 
Newtonian in character, apparent viscosities at various shear rates are often 
necessary to specify their flow properties. 
frequently needed to define time-dependent flow properties such as thixotropic 
o r  rheopectic behavior wherein shear-stress varies with time when a constaDt 
shear rate is applied to the slurry. Controlled thixotropy is a very desirable 
characteristic for maintaining stability against particle settling under ststic 
conditions and yet permitting reasonable viscosities when a shear gradient is 
Measurements of this type are also 
9 
applied t o  the  slurry. 
i t s  or ig ina l ,  ge l - l i ke  s t ruc tu re  when shear s t r e s ses  a r e  removed from such a 
These a re  revers ib le  phenomena; t h a t  is, it reve r t s  t o  
I 
mater ia l .  
For rout ine  comparisons of slurry propert ies ,  a s ingle  neaswement of t h e  
apparent v i scos i ty  with a No. 4 spindle a t  60 rpm was used. 
v i s c o s i t i e s  reported i n  t h i s  study are fo r  the  Brookfield LVF No. 4 spindle a t  
60 rpm unless otherwise specif ied.  
Ail apparent 
G. Cryogenic Liquids Compatability 
The compatability of selected slurry formulations with l i q u i d  oxygen 
w a s  determined by deposit ing films of t h e  s l u r r i e s  on t h e  inner walls of s t a i z -  
l e s s  s t e e l  beakers and, a f t e r  allowing the  s lu r ry  t o  dry, f i l l i n g  the  bezkers 
with l i q u i d  oxygen. After  a l l  of the l i q u i d  oxygen had boi led off  t h e  beakers 
were allowed t o  warm t o  room temperature and were then r e - f i l l e 3  with l iqLid 
ni t rogen.  
other  apparent changes i n  the  appearance of t he  dried. f i lms.  m e n  t h e  beakers 
had again warmed t o  room temperature, t he  dr ied  fi lms were removed and examined 
with an  o p t i c a l  microscope. 
f u r t h e r  examined f o r  any apyarent changes. 
Observations were made during these  proceedings f o r  any react ions or 
The dried fi lms were a l so  re-dispersed i n  water and 
H. Corrosion Suscep t ib i l i t y  Measurements 
Corrosion s tudies  with aluminum a l l o y  stage components and s t a i n l e s s  steel 
a l l o y s  were conducted with selected s l u r r y  formulations. These tes ts  were per- 
formed by immersing ca re fu l ly  cleaned and weighed samples of the  various a l loys  
i n  t h e  s l u r r i e s  and determining the  gecera l  appearance and weight change of 
t h e  samples a t  se lec ted  time in t e rva l s .  
mersed i n  the  s l u r r i e s  t o  t e s t  t h e  suscep t ib i l i t y  of t h e  samples t o  oxygen 
Other samples were only par t - is i ly  i?i- 
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concentrations c e l l s .  Corrosion products formed were analyzed by X-ray and 
e lec t ron  d i f f r a c t i o n  and by metallographic examination. 
Types 304 and 316 s t a i n l e s s  s t e e l  and aluminum a l l o y  types 2219 and 2014-T6 
were included i n  the  cor ros ion- tes t  progrmi. 
surface treatment and with an aerodi te  surface treatment.  
a l l oy  were t e s t e d  with no surface treatment and with anodized and alodine 
1200 conversion coatings.  
surface treatment and a f t e r  passivat ion.  
The 2219 a l l o y  w a s  t e s t e d  with 11c 
Smipies of t he  2014-~6 
The 304 and 316 s t a i n l e s s  s t e e l s  were t e s t e d  with no 
I. Hydrostatic Pressure Measurements 
A p lex ig lass  container,  6 inches i n  diameter and 5 f e e t  long, w a s  equipped 
with a manometer l e g  for hydros ta t ic  pressure t e s t i n g .  
s p e c i f i c  g r a v i t i e s  were placed i n  the cy l inder  and t h e  hydrostatic! pressure d.e- 
veloped w a s  recorded as a funct ion of s l u r r y  depth. 
of slurry compressibi l i ty  were a l s o  made by subject ing small quari t i t ies  of slurry 
i n  a s t e e l  cyl inder  t o  hydraulic pressures of several  hundred pounds per square 
inch. 
S l u r r i e s  of various 
Further  q u a l i t a t i v e  s tud ies  
J. Dispersing Agent Studies  
%e t ype  m d  m g m t  of dispersi_ng agent, ?.?sed i li fomula.-t;i?g highly loaded 
s l u r r i e s  determines, t o  a l a rge  extent,  t he  ze ta -poten t ia l s  es tab l i shed  for e&& 
p a r t i c l e  and t h e  mutual repuls ive  forces t h a t  thereby e x i s t  miong them. 
n a t u r a l  Brownian motion associated with very s m a l l  p a r t i c l e s  and the  i n t e r -  
p a r t i z l e  repuls ive  forces  es tabl ished by dispers ing agents may r e s u l t  i n  s tab le ,  
non- se t t l i ng  s l u r r i e s .  When indiv ida l  p a r t i c l e s  a re  Eongletely dispersed. i n  2 
h igh ly  loaded slurry, the  v i scos i ty  of t he  slurry i s  general ly  qu’lte low s ince  
any appl ied  shear gradient  i s  expended pr imari ly  i n  es tab l i sh ing  a ve loc i ty  
The 
gradient  across  the  continuous medium. However t h e  slurry v i scos i ty  i s  generally 
much higher if the  p a r t i c l e s  i n  such a slurry m e  present i n  a f locculated con- 
d i t i on .  
be expended i n  breaking t h e  long chains of p a r t i c l e  aggregates which e x i s t  through- 
out t he  s lu r ry .  
and d i s p e r s a b i l i t y  without s ign i f icant ly  lowering the  surface,  or i n t e r f a c i a l ,  
t ens ion  of t he  continuous medium. 
of ten  r e s u l t s  i n  undesirable foaming and f'rothing. 
The higher Viscosity r e s id t s  because a port ion of t h e  applied shear rr,ust 
An i d e a l  dispersing agen% a lso  should promote p a r t i c l e  wetting 
Lowering the  surface,  or i n t e r f a c i a l ,  tension 
For a given so l id s  loading, the highest  d.egree of dispers ion i s  general ly  
The lower v i s c o s i t i e s  believed t o  coincide with the  minimum slurry viscos i ty .  
a r e  des i rab le  from an engineering viewpoint s ince energy requirements f o r  pump- 
ing and ag i t a t ion  are l e s s .  Therefore, t o  e s t ab l i sh  the  optimum amount of d i s -  
persant ,  a number of s l u r r i e s  were prepared, each having the  same Fer cent so l id s  
but  wi th  varying amounts of dispersant.  
i d e n t i c a l  conditions and the  quantity of dispersant  t h a t  yielded the  lowest 
v i s c o s i t y  w a s  determined. S i m i l a r  t e s t s  were conducted for each type of d i s -  
pers ing agent. Dispersing agents evaluated included Tamol 731, Tmol  SN, Tamol 
850, (Rohm and Haas Company, Philadelphia, Pa. ), Darvan N, (R. T. VanderbiLt 
C G E ~ . E ~ ,  L'LWSE, mic), I g e p 1  Cc! 630, [Genernl A n i  1 i n e  and Film ComFany, New 
York, N.Y. ), Tergi to l  (Union Carbide and Chemical Corporation, New York, N.Y. ), 
and te t ra  sodium pyrophosphate. 
Slurry v i s c o s i t i e s  were measured under 
Several  thickening and ge l l ing  agents were a l s o  evaluated. The ul t imate  
goal  w a s  t o  s e l e c t  a dispersant  tha t  would provide complete dispers ion of so l id  
p a r t i c l e s  and then s e l e c t  a second mater ia l  which would e s t ab l i sh  a weak g e l  
s t r u c t u r e  i n  the  slurry. A weak gel s t ruc tu re  es tabl ished under s t a t i c  condi- 
t i o n s  would g r e a t l y  impede so l id s  s e t t l i n g  and would r e s u l t  i n  a soft,, r ead i ly  
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re-dispersible sludge when significant settling had occurred after long-term 
storage. 
shear was applied. 
A slurry thus formulated would be rather viscous yet flow readily when 
, 
1 -  
K. Total Solids Determination 
~ The percentage of total solids present in a slurry was determined by 
weighing a known quantity of slurry to the nearest hundredth of a gram, drying 
to constant weight at 110 C, cooling to room temperature, and re-weighing. I 0 
, -  
L. Slurry Abrasiveness 
m e  abrasive characteristics of each slurry were evaluated qualitatively 
by examining the rotor of the Tri-Homo mill for indications of excessive w e 3 r  
after grinding batches of each s lur ry .  
M. Settling Characteristics 
The settling characteristics of slurries were qualitatively evalmted ky 
determining the amount and degree of compaction of sediments formed after 
various storage periods, and the amount of clear liquid observed at, the top 
of slurries after storage. 
I -  
, -  
111. MPEBIMFNTAL RESULTS AND DISCUSSION 
The range of spec i f i c  g r a v i t i e s  t h e o r e t i c a l l y  a t t a i n a b l e  with water-based 
slurries of t i tanium dioxide, barium su l f a t e ,  zinc oxide, and lead  oxide 
( l i t h a r g e )  i s  shown by Figure 2. 
than about 80 t o  90 per  cent  by weight are very d i f f i c u l t  t o  achieve and s t i l l  
maintain good flow proper t ies .  
p a r t i c l e - t o - p a r t i c l e  contact  preva i l s  and a t h i c k  pas te  r e s u l t s .  
ture i s  not truly a f lu id ,  e i t h e r  Newtonian or non-Newtonian. 
t inuous phases, each capable of flowing arid t ransmi t t ing  pressure ~ 
g r a v i t i e s  indicated a t  about 85 t o  90 weight per cent s o l i d s  may be considered 
as p r a c t i c a l  upper l i m i t s  f o r  f l u i d  s l u r r i e s  t h a t  t r a n s m i t  pressure as a hQmo- 
gmeous f l u i d .  
As a general  ru le ,  s o l i d s  loadings g rea t e r  
A t  very high volume percentages of sol ids ,  
Such a mix- 
It i s  t w o  con- 
'TTe spec i f i c  
Obviously, t i t a n i a ,  zinc oxides and barium s u l f a t e  a r e  poorer choizes than 
l ezd  oxide from a dens i ty  standpoint; however, they a r e  of of considerable in -  
t e r e s t  because of their ready a v a i l a b i l i t y  i n  a wide range of p a r t i c l e  s i z e s  
and t h e  considerable t echn ica l  knowledge i n  formulating s l u r r i e s  of these 
materials t h a t  has  been acquired by t h e  pa in t  and rubber indus t r i e s .  
A. Etanium Dioxide S l u r r i e s  
A t  t he  beginning of t h i s  study, t i tanium dioxide powder w a s  t h e  only 
ma te r i a l  on hand. Therefore, the  i n i t i a l ,  exploratory s l u r r i e s  were prepared 
using t h i s  material. Pigment-grade t i tanium dioxide i s  a very f inely-divided 
material, general ly  having a mass mean diameter l e s s  than 0.10 micron and with 
a r e l a t i v e l y  l a rge  spec i f i c  surface area.  
with t h i s  mater ia l  a t  up t o  80 weight per  cent so l id s .  
80 weight per  cent gave very viscous s l u r r i e s  and wet t ing of t he  s o l i d s  w a s  
q u i t e  d i f f i c u l t .  
S tab le  slurries were prepared 
Sol ids  loadings above 
S l u r r i e s  containing less than 80 weight per cent  s o l i d s  were 
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Figure 2. Specific Gravities of Water-Based Slurries f o r  
Various Solids Loadings. 
readily preparable with moderate-speed agitation and needed no further gricding 
for stabilization against settling. Table I lists the necessary ingredients 
and the procedure for preparing a slurry of titanium dioxide with a specific 
gravity of 2.5. 
by increasing the amount of water and adjusting the final viscosity with Benagel 
EM, (%tional Lcad Company, New York, N.Y.), to that specified in Table I. 
Physical properties, stability, and compatability results for these slurries 
m e  also presented in Table I. 
Slurries with lower specific gravities can be produced simply 
B. Zinc Oxide and Zinc Slurries 
Zinc oxide is a relatively dense material that is moderately priced and 
readily available in a wide range of particle size distributions. Materials 
having been given several surface treatments are also available. 
cific gravities to 3.5 with good flow properties were obtained with this ma- 
terial. The best slurry settling characteristics were obtained when a combina- 
tion of three different particle size grades of zinc oxide were used. Particle 
size distributions for the .three grades and the composite distribution are 
shown in Figures 3 and 4, respectively. 
ciple of maximum packing as applied to a wide range of particle sizes rather 
than a narrow distribution of sizes yields the best combination of slurry 
settling and flow characteristics. Table I1 lists the ingredients and pre- 
paration procedure for producing a stable zinc oxide slurry with EL specific 
gravity of 2.85. 
11. 
a Tri-Homo mill to wet and disperse completely all of the solids. 
agitation with a turbine-type impeller was adequate to prepare zinc oxide slur- 
ries with specific gravities less than about 2.85. 
Slurry spe- 
These results confirm that the prin- 
Slurry properties and test results are also shown in Table 
Specific gravities higher than about 2.85 required high-shear grinding in 
High speed 
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TABU I 
PFUPARATPON PROCEDURE FOR A TITAnrITJM DIOXIDE SLURRY AIlD 
PROPE3TIES OF "!E FINISHED SKVR.9.Y 
M x t  e r  i a l  s 
B Y  Wet 
$ Solids Weight We i g7'n.r; 
* 
T i t a n i m  Dioxide 100.00 
%'ami01 850 30.00 
W2.,t,e? I- 
Senagel EW 100. oc 
100.00 
.50 
1G 
-- 
€?rocelwe: Ad2 the  Tam01 850 solution -50 t h e  requ',red a?io'Jnt aF hot m,%er w L t 3  
n i l d  \zgitation. 
highest  possible  l e v e l  without causing a, vortex ta f ' o n  and slowly acid t'ne ~ 2 3 ~ -  
der  at, t he  poin t  of nnaximum turbulence, 
V ~ S ' ~ O G S ,  s top  the  s o l i d s  addi t ion and allow t h e  slurry t o  xix a t  high sEeed fuz 
severa l  riilnirtes. 
t a t i o n  50 a very slow speed and add 5 drops of Dow Corning Axt i - fom 3 pier g a l -  
l on  o f  mixture. 
T i t a n i m  Dioxide has been add.ed. 
maxhum ag i t a t ion .  
-- 
After  t he  Tan01 850 has rnyhed, increase the  a g i t a t i o n  tc ,  the 
'*en t h e  m l x t - n e  Segine ta become ra53e.- 
At. t h e  e;ld of this high-speed m;,Y;ing zer iod,  decrease t,he a&- 
Repeat t h i s  sequence as n;a;ly %?xes as required -at51 all Jf t h e  
Let mix for at l eas t  10 r.inEtes t o  a i spe r se the  Senagel EW. 
Add t k e  required avourt  of Benagel EW r i % h  
Pr. oper t i e s 
Spec i f ic  Gravity 
Weight Per Cect Titanium Dioxide 
Volume Per Cent Titanium Dioxide 
V i  acos i ty  
pH 
14~~3s mean equivalent spher ica l  dimie Lei. 
Cryogenic Compat a b i l i t j  
Water Washability 
Volume Per Cent Sediment a f t e r  : 
1 Day 
7 Days 
14  Days 
0 
4 
5 
~ ~~- * 
ATatase Grade A-440 supplied by New Jersey  Z i m  Company, New York, Ne%- York. 
- 
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PREPWATPON PROCE2UEE FCIR A 31NC 0 X D E  SL'uRRY A?.? 
PROPERTIES OF THE FINISXED SLURRY 
k t  erisl s 
* 
Kadox 72 Zinc Oxftde 
Zinc Oxide 
YX504 Zlnc Oxide 
Eot  Wa3er 
Eeragel EW 
* 
T'a131 850 
3-7 
$ Solids Weight 
2-00 e 00 
3_00.00 
100 GO 
30.00 
-- 
loo 0 QL? 
.- 12-amYze: 
x i l d  3gi ta t ion .  
h i g k s t  possible  l e v e l  without causing a vortex to form x-2 s l o - ~ l y  add C,he 
powder. a t  t he  point  of maxhm t 'nbxleme.  
retkier viscous, stop the  s o l i d s  additior, m d  allow t he  slurry t o  m k  a-5 hlgk; 
speed for severa l  minutes. A t  tkze ecd. cf t h i s  kigh-speed xixing per-lol, de- 
zne2se +,he w i t a t i o n  t o  a very slow sreed azd ad2 5 drops of Dow Corning A z 5 -  
fozm E per  gal lon of  m-kture. 
u n t i l  a l l  of t h e  zinc oxide has been added. 
ag t ta t ior ,  and mix a t  l e a s t  10 minutes t o  zs5x-e dispersion. 
Add t h e  Tam01 850 soliltion t=? t k  r eq i i r ed  amxm5 cf hot -G~-%T vi"-- ".* 
A f t e r  the  T'mol 850 has nixed, lnereaae t'ce agLtatlon t c J  tke 
W-en t h e  mixtme begins +J be.;x.e 
Repeat th'is seqzence as maay times 8s reqlLre3. 
Acid t h e  Benagel EN w:tk hig3 are& 
Speci f ic  Gravity 
WeLgkt Per C e l t  Zinc Oxide 
V i s  co s i  t y  
PH 
Mass mem equivalent spherical  dhx-e te r  
Geometric Stzndard Deviation 
Czyogenic Compatability 
Abrssiveiess 
Water Washability 
Volime Per Cect Sed-bent a f t e r :  
v 1 --e Dnn Pnnf T < n p  ije Y ;JL*&UtrL -c &I "I.*"I----
1 Day 
7 Days 
14 Days 
2.85 
8G.0 
45.0 
750 
10.9 
0 30 
2.90 
OK 
LOW 
Very Good 
0 
2 
5 
~~ * 
Supplied by New Jersey Z i r x  Co. 
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S l u r r i e s  prepared with elemental z i x  powder tjere general ly  m s a t i s f a z t o r y .  
The p a r t i c l e  s i z e  d i s t r i b u t i o n  was d i f f i c u l t  t o  control  and excessive s e t t l i n g  
w a s  experienced with a l l  t r i a l  formulations. 
f inely-divided zinc resulted i n  a resc%ion of zin? p a r t i c l e s  with the  Tmiol 8'jC 
dispersing agent i n  the  r e l a t i v e l y  high pH s l u r r i e s .  
and a general  de - s t ab i l i za t ion  wits  noted a f t e r  s torage f o r  severa l  Ciays. 
ion ic  d ispersants  proved t o  be inef fec t ive  and no furr;her e f f o r t s  were attempted 
with t h i s  mater ia l .  
The highly r eaz t ive  r a t w e  of 
Consrderable gas evolution 
Non- 
C. Le35 Oxide and Lead S l u r r i e s  
Slurry spec i f i c  g r a v i t i e s  t o  s l i g h t l y  above 3.9 vere a3hleved w i t 3  k a d  
oxide. 
s p e c i f i c a l l y  t o  l i t ha rge ,  i . e . ,  P b O ,  mless  otkerwlse Lilextifiefi. The zox- 
merciitlly ava i lab le  grades of fuqed l i t h a r g e  a r e  too  coarse $0 permit  form^^- 
l a t i o n  of non-set t l ing s l u r r i e s .  
commercially ava i lab le  grade i s  shown by Figure 5.  
were prepared with t h i s  mater ia l  using various types and mounts  of d i s p e r s k g  
agents.  Rapid s o l i d s  s e t t l i n g  w a s  experienced a t  a l l  so l id s  loa3ings with the  
as-received mater ia l .  When the lead oxide w a s  wet-grolind i n  a ba l l -mi l l  or 
c o l l o i d - t n e  m i l l  t o  a spec i f ied  s i z e  d i s t r ibu t ion ,  fl7Jid s l u r r i e s  C J U ; ~  t e  
produced t h a t  showed minimal s e t t l i n g  a f t e r  b o  weeks s torsge.  
shows the  p a r t i c l e  s i z e  d i s t r ibu t ion  of s w h  a slllrry. 
5 and 6 i nd ica t e s  t h e  degree o f  s ize  reduct ion required.  
For t he  purposes of t h i s  report ,  all. references t o  lead  oxP3.e a re  
The p a r t i c l e  s i z e  d is t r ibu5ion  of" t he  fir,est, 
Many t r i a l  fommlations 
Figure 6 
Comparison of Figwea 
Lead oxide powder is a very i i i f f i c z l t  ma$erial b3 wet and deagglornerate. 
S l - z r i e s  produced by simply adding l ead  oxide pawder t o  water and d i s p r s T n g  
agent with moderate-speed turb ine  ag i t a t ion  have a c3arac te r fs t~ca l3 .y  high 
v i s c o s i t y  (3,OOO-lO,OOO cps) .  I f  t h i s  same slurry i s  ba l l -n i l l ed  o r  processec? 
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in a high-shear dispersing device, the viscosity drops to only 100-200 cps 
and the slurry is very smooth and has a homogeneous appearmce. 
exercised during the solids addition to avoid excessive air entrapment. 
trained air gives rise to much higher viscositles and can result in a quasi- 
zonpressible fluid. 
slurries from this material is utilized in the breaking of agglomerates ana 
only a relatively small fraction goes into aztual particle size reduction. 
Slurries produced from lead oxide powder that had been dry-ground to the r e -  
quired particle size distribution were still very difficult to wet and required 
high-shear dispersing action to achieve high fluidity. Some type of high-shear 
grinding mill or a ball-mill is considered a necessity for producing highly 
loaded slurries with this material, particularly for specific gravities 
above 3.5. Several passes through a laboratory model Tri-Homo mill were 
required to achieve the dispersion and size reduction required. 
models of high-shear grinders are generally more efficient, however, and a 
single pass through such a device equipped with an abrasive rotor material 
operating at a close clearance may achieve the desired result. 
in a ball mill gave the best overall slurry properties. 
about 92, weigili per. cent wei=e possiblle whm a ball iiiill was xed t o  gricd m d  
disperse the materials. B a l l  mills, however, are not desirable for large- 
quantity production, pr2nsrLly because of their low output rate. Further 
studies at the pilot plant level are needed to determine the suitability of 
high-volume, high-shear dispersing devices for large-scale production of lead 
oxide slurries with densities above 3.5. 
Care must be 
En- 
Much of the grinding energy expended in producing s-dltable 
Industrial 
Wet-grinding 
Solids loadings to 
Table I11 lists the ingredients and procedure to prepare a lead oxide 
Slurry properties and test results slurry with a specific gravity of 4.0. 
are also presented in Table 111. 
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TAEU III 
Mater ia ls  
Lead Oxide 
Hot Water 
Benagel EN 
* 
m o l  850 
PREPARATION PROCEDbZEE FOR A LEA3 OXI3E SLTLR2Z AN3 
PROPEETIES OF THE FINISHED SLURRY 
$ Solids 
100.00 
30.00 
-- 
100 D 00 
R Y  
Weight 
Wet 
Weig5t 
100.00 
3.33 
16.00 
e 15 
Procedure: Add t h e  T m o l  850 solut ion t o  the  required m o u n t  of h t  va%er wlth 
mild agitatior, .  
highest; possible  l e v e l  withoxt causing a vortex t o  f a m  zr,d sloT,ly adz +,he pv- 
der a t  the  point  of maximum turbulence. 
rzther viscous, s top t h e  so l id s  addition arid a l l m  the slurly t o  mix a t  kigh 
speed f o r  several  minutes. A t  %he end of t h i s  hfgh-speed mixing period, de- 
crease t'ne ag i t a t ion  t o  a very sic7 speed m d  add 5 d z s ~ s  cf 3s: Csxing  ALCE- 
foam B per gal lon of mixture, 
u n t i l  a l l  of t he  lead  oxide has been added. 
After  the  Tam01 850 has nixed, increase t h e  ag i t a t ion  t o  t he  
When the  m i x t u r e  begfns ta b e s m e  
Repeat t h i s  sequence as many  times as required 
Grind the  completed slurry formulation i n  a TYi-Homo o r  equivale-t type 
disperser-homogenizer operating a t  a r o t o r  clearance of 0.001 k&. After 
t he  s l u r r y  has passed through the  m i l l ,  r e tu rn  it t o  t h e  o r ig ina l  contaicer 
and, with the  highest  l e v e l  of ag i ta t ion  possible,  add t h e  recpired amount of 
ijenagel EW. When t h e  slurry i s  homogeneous and shows no s igns of PLrmYjiLng, 
process it t;brov.gh t h e  Tri-Homo m i l l  %hree more t h e s .  
Proper t ies  
Spec i f ic  Gravity 
Weight Per Cent Lead Oxide 
VoPme Per Cent Lead Oxide 
Apparent Viscosi ty  (LVF #4 @60 rpm)  
p H  
Number mean equivalent spherical  diameter 
Msss mean equivalent spherical  d i a i e t e r  
Geometric Standard Deviation 
Cryogenic Compatability 
Abrasiveness 
Water Washability 
Volume Per Cent Sedimer-t After: 
1 Day 
14 Days 
7 Days 
4.0 
84 
35 
1150 C ~ S  
11.9 
0 * 28p 
1-95l-L 
2.33 
0, K, 
Low 
Fair ,  w e  cold water 
0 
1.5 
2.0 
* 
Fumed Litharge scpplied by National L e a  Corporztion. 
Specif ic  g r a v i t i e s  t o  6.1 were obtained with mixtures of lead and lead 
cxide. 
mass after about t h ree  days s torage.  Further laboratory s tud ie s  are needed t o  
produce s tab le ,  non-se t t l ing  s l u r r i e s  wi th  spec i f i c  g r a v i t i e s  above about 5.d.  
The pressure t ransmi t t ing  cha rac t e r i s t i c s  of such high dens i ty  s l u r r i e s  shou,: 
a l s o  be studied carefu l ly .  
The r e s u l t i n g  s l u r r i e s  had good flow p rope r t i e s  bu t  s e t t l e d  i n t o  a hard 
Direct  exposure of lead  oxide s l l r r i e s  t o  e m l i g h t  caused a series of co lor  
changes from b r igh t  yellow t o  a duli. red-brown. 
fu r the r  changed t o  black upon prolonged exposure t o  sunl ight .  These color  
changes occurred only wi th in  a very t h i n  layer a t  the  cdrfaces of the sample 
containers .  X-ray d i f f r a c t i o n  of the sur face  film revedled a wide range of 
oxides of  iead,  from iead  sub-oxide t o  lead  dioxide.  Tlsese darker fiLqs were 
sonewhat more d i f f i c u l t  t o  remove by water-r insing than t h e  usual f i l m ,  but,  
otherwise presented no d i f f i c u l t i e s .  No measur3ble d e n d t y  a l t e r a t i o n s  were 
noticed a f te r  these  changes had occurred. Closed containers  of sl i irry sometimes 
turned a l i g h t  shade of yellow-brown on prolonged s torage but  showed no other  
changes i n  proper t ies .  These changes are probably due t o  t h e  l a rge  number o f  
l ead  oxides t'nat are thermodynamically possible  wi th in  t h e  pH range of these 
s l u r r i e s .  Examination of a Pourbaix diagram f o r  iead a r i r i  water i-evedls t h a t  
l i t h a r g e  I s  t h e  most s t a b l e  s ta te  for l ead  a t  these  p H  l eve l s ,  so  very l i t t l e  
ove r -a l l  change i n  oxidation s t a t e s  would be predicted.  
I n  some instances,  t he  color  
Wet f i l m s  of lead oxide s lu r ry  were bes t  removed from aluminum and g l a s s  
sur faces  by r in s ing  with cold water. However, i f  the  f i l m s  were allowed t o  
dry, removal was considerably more d i f f i c u l t  and some abrasive ac t ion  WAS of-  
t e n  required.  Complete removal from porous surfaces  was qui te  d i f f i c u l t  s ince 
t h e  f i n e  p a r t i c l e  s i z e  of t he  lead oxide resu l ted  i n  a penetrat ion of t h e  
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surface.  
b i l i t y  of these  s l u r r i e s .  
Tam01 850 concentrations of one pe r  cent  and higher  improved washs- 
Lead oxide s l u r r i e s  with spec i f ic  g r a v i t i e s  of 3.0 and l4.0 were used i n  
the  hydros ta t ic  t e s t i n g  device described! previously.  
and experimental r e s u l t s  i s  shown i n  Figure 7. The experimental r e s u l t s  arid 
t h e o r e t i c a l  p red ic t ions  agree within t h e  l i m i t s  of experimental e r ro r .  More 
extensive laboratory-scale  t e s t i n g  i n  f u l l y  instrumented prototype t e s t  equip- 
ment i s  recommended t o  ve r i fy  the  f u l l  range of hydrodynamic proper t ies .  
A comparison of t h e o r e t i a a l  
D. Barium Sul fa te  S l m r i e s  
Spec i f ic  g r a v i t i e s  t o  3.2 were achieved with barium siulfate powder. 
r i es  produced with t h i s  mater ia l  had rheolGgica1 p rope r t i e s  v a s t l y  d i f f e r e n t  
f r o n  any of t he  o ther  s lu r ry  mater ia ls  t e s t ed .  
s u l f a t e  s l u r r i e s  containing more than about 80 weight per  cent  solids increased 
markedly with increasing rate of shear. Thus, t h i s  slurry was d i l a t a n t  as op- 
posed t o  the  pseudoplastic or thixotropic  nature  of s l u r r i e s  produced from l e a d  
oxide, for example. This proFerty i s  nos t  uriiesirable from an engi ieer ing p3in t -  
of-view because of t h e  excessive power requirements t o  nix and p u m ~  the  material. 
Qui te  possibly,  s l u r r i e s  could be prodwed from t h i s  material t h a t  would mt ex- 
h i b i t  t h i s  type behavior. 
s i b i l i t y  i f  barium s u l f a t e  s l u r r i e s  a r e  deened otherwise su i t ab le .  
Slhr-  
R e  apparent v i scos i ty  of  barfim 
Further s tud ie s  a re  des i rab le  t o  explore t h i s  pos- 
B a r i u m  s u l f a t e  powder up t o  80 weight per  cent s o l i d s  w e t s  and d isperses  
reamlily i n  water wi th  moderate-speed tu rb ine  a g i t a t i o n ,  However, ea r ly  e f -  
f o r t s  t o  produce s t ab le  s l u r r i e s  f rox t h i s  material were discouraging betaiise 
of rap id  s o l i d s  s e t t l i n g .  Several  new, smaller F a r t i c l e  s i z e  grades of t h i s  
material  were received during t h e  l a t t e r  p a r t  of t h i s  study and b e t t e r  r e su l t s  
were obtained using approximately the  same formulatioris as with lead  oxide. 
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Figure 7. Comparison o f  Predicted and Measured Hydro- 
s t a t i c  Pressures f o r  Lead Oxide S lur r ies ,  
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Specific g r a v i t i e s  t o  3.2 were achieved with the  newer ma te r i a l  without any ad- 
d i t i o n a l  grinding. Solids s e t t l i n g  remained somewhat of a problem, although it 
i s  believed t h a t  s e l ec t ion  oj '  a proper d ispersant  w i l l  ninimize the  s e t t l i n g .  
Bar ium s u l f a t e  i s  ac id i c  whereas the o ther  ma te r i a l s  t e s t e d  were basic,  t he re -  
f o r e  a d ispersant  with opposite p o l a r i t y  t o  t h a t  of Tam01 850 may be most e f -  
f e c t i v e .  
s u l f a t e  s l u r r y  with a spec i f i c  grav i ty  of 3.0. 
Table IV l i s t s  the  preparation procedure and p rope r t i e s  f o r  a barium 
E. Corrosion Test Results 
Active and passivated samples of types 3Oh and 316 s t a i n l e s s  s t e e l  showed 
no noticeable a t t a c k  a f t e r  t o t a l  and p a r t i a l  immersion i n  lead oxide s l u r r i e s  
f o r  12 days. 
without p ro tec t ive  oxide coatings showed noticeable corrosive a t t a c k  a f t e r  12 
days immersion i n  lead  oxide s lu r ry .  The unprotected a l l o y s  each reac ted  t o  
give a black c r u s t  which was shown by X-ray d i f f r a c t i o n  t o  cons i s t  of a mix- 
t u r e  of lead  and lead  oxide (BO). 
t h e  f'reshly cu t  edges of t he  sample. 
Each of t h e  aluminum a l loys ,  i. e . ,  2 0 1 4 - ~ 6  and 2219, with and 
The ex ten t  of reactior? w a s  g r e a t e s t  a t  
The 2014-T6 with an alodine E00 conversion coating gave a glossy black 
f i n i s h  a f t e r  t h ree  weeks immersion. Electron d i f f r a c t i o n  confirmed t h a t  t h e  
t i g h t l y  adherent f i l m  w a s  composed of lead and lead oxide (BO). 
examination of t he  coatings in t e r f ace  revealed t h a t  very l i t t l e  p i t t i n g  a t t a c k  
had occurred. The corrosion sample showed a s l i g h t  weight increase a f t e r  t h e  
three-week immersion. 
Metallurgical 
An anodized sample of 2014-T6 showed some s l i g h t  p i t t i n g  a t t a c k  but r:o 
continuous black f i lm  formation as was observed on the  alodine coated sample. 
The p i t t i n g  a t t a c k  occurred only at i s o l a t e d  spots on the  sample; probably a t  
imperfections i n  the  anodized coating. Metallurgical examinatlon and e l e c t r m  
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TABLE I V  
PREPAFtATION PROCEDURE FOR A BARIUM SULFATE SLURRY 
AND PROPERTIES OF THE FINISHED SLURRY 
Mater5 a1 s 
* 
Barium Sul fa te  
Tamol 850 
Hot Water 
Benagel EW 
Dry 
’$ Solids Weight 
100.00 
30.00 
-- 
100.00 
100.00 
1.00 
-- 
- -  
Wet 
Weight 
100.00 
3.33 
11.60 
-- 
Procedure: Add the  Tamol 850 solution t o  the  required amount of hot  water with 
mild ag i t a t ion .  
highest  possible  l e v e l  without causing a vortex t o  form and slowly add t h e  pow- 
der  a t  the poin t  of m a x i m u m  turbulence. When the  mixture begins t o  become 
rather viscous, s top the  s o l i d s  addi t ion and allow t h e  slurry t o  mix a t  high 
speed f o r  severa l  minutes. A t  the end of this  high-speed mixing period, de- 
c rease  t h e  a g i t a t i o n  t o  a very slow speed and add 5 drops of Dow Corning Anti- 
foam B per gal lon of mixture. 
u n t i l  a l l  of t he  B a r i u m  Su l f a t e  has  been added, 
After  the  Tamol 850 has mixed, increase t h e  ag i t a t ion  t o  the 
Repeat t h i s  sequence as many times as required 
Proper t i e  s 
Spec i f ic  Gravity 
Weight Per Cent Barium Su l fa t e  
Volume Per Cent Bar ium Sul fa te  
V i  s c o s i  t y  
PH 
Mass mean equivalent spher ica l  diameter 
Washability 
Volume Per Cent Supernatant Liquid a f t e r  : 
1 Day 
7 Days 
3.0 
86.0 
57.0 
4800 cps 
10.3 
3.1. 
Very good 
0 
5 
* 
Barimite XF, supplied by Thompson, Weinman and Co., Car te rsv i l le ,  Georgia. 
microprobe ana lys i s  showed s l i g h t  p i t s  with t h e  formation of some elemental lead.  
A sample of aerodi te  coated 2219 reacted very s imi l a r ly  t o  the  anodized 
2014-T6, t h a t  is ,  only s l i g h t  p i t t i n g  w a s  observed a f t e r  a th ree  week exposure 
t o  lead oxide s lu r ry .  Metallurgical exmina t ion  showed only s l i g h t  p i t s  but 
no d e f i n i t e  ana lys i s  of t he  corrosion products could be made with the  e l ec t ron  
microprobe. 
S l u r r i e s  formulated with zinc oxides gave t h e  sane general  r e s u l t s .  No 
extensive t e s t i n g  w a s  done with them, however, since lead  oxide appeared t o  be 
t h e  most l i k e l y  choice f o r  a t e s t  medium. 
Apparently the  corrosion mechanism cons i s t s  e s s e n t i a l l y  of a reduction of 
t he  lead  oxide present  as a high pH slurry i n  contact  with the  aluminum surface 
ccat ing t o  y i e ld  a surface f i l n  of lead and lead-oxides.  
t o  minimize t h i s  type of corrosion with ac t ive  metals such as aluminum a l loys  
i s  t o  ad jus t  the s l u r r y  pH t o  neutral .  
t o  formulate s l u r r i e s  with a finished pH of about neu t r a l  r e su l t ed  i n  d e s t a b i i i -  
za t ion  and rap id  s o l i d s  s e t t l i n g .  
The most obvious -,.ray 
All attempts t o  lower the  s l u r r y  pH and 
F. Op t imiza t ion  of Dispersant Level 
A l a rge  number of d i f f e r e n t  types of dispers ing agents were evaluated. 
Tam01 850 was found t o  be the most e f f ec t ive  dispersant  f o r  a l l  of t he  s o l i d s  
ma te r i a l s  w i t h  t he  possible  exception of barium s u l f a t e .  Lead oxide was t h e  
most c i i f f i cu l t  of a l l  t o  disperse,  consequently most of the  d ispersant  evalua- 
t i o n  t e s t s  were conducted with it. 
lead  oxide s l u r r i e s  containing 80 weight per cent s o l i d s  and with varying 
ilsno-mts of Tam01 850 and Tam01 S N  dispersant  and no g e l l i n g  agent.  Each of 
t h e  s l u r r i e s  was passed through a laboratory model Tri-Homo m i l l  four  times 
while operating a t  a r o t o r  clearance of 0.001 inch. In  a l l  cases  the  
Figure 8 shows the  apparent v i scos i ty  of 
6 
5 
4 
3 
2 
1 
0 
0 Tamol SN 
Tamol 850 
Weight Per Cent (Dry) of Dispersing Agent 
Figure 8. Apparent Viscosities for Lead Oxide Slurries 
Containing 80 Weight Per Cent Solids and 
Varying Amounts of Dispersing Agent. 
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- dispersant  concentration i s  reported as t h e  percentage of d r y  d i s r e r s a n t  based 
on 100 grams of dry slurry so l id s .  
su l t ed  f o r  Tam01 850 concentrations from about one-half t o  two per  cent .  
though one-half per cec t  dispersing agent Froduced t h e  m a x i m u m  degree of 
f l u i d i t y ,  a concentration of one per cent  was chosen as t h e  optimum percentage 
of d i spersant  f o r  lead  oxide s l u r r i e s  containing xp t o  90 weight per cent 
so1Lds;primarily because the  ease of water washabili ty w z s  s i g n i f i c a n t l y  i m -  
proved with only a s l i g h t  increase i n  s l u r r y  v i scos i ty .  
S l u r r i e s  with low apparent v i s c o s i t i e s  r e -  
Al- 
Excellent flow p rope r t i e s  and minimal solids s e t t l i n g  were obtained when 
a lead oxide slurry with the  p a r t i c l e  s i z e  d i s t r i b x t i o n  shown by Figure 6 was 
prepared using one per cent Tam01 850 and subsequently tkickeneci t o  about 1150 
lsps w5th Senagel El?. The th ixot ropic  nature of t h5s  s l u r r y  before addition of 
Benagel EM i s  shown by F i g w e  9. The apparent v i s c o s i t y  i s  seen t o  decrease 
wi th  increasing shear r a t e  f o r  each of t he  ,two spindle s i z e s  shown. 
G. Toxicology 
Lead oxide i s  t h e  only one of t he  ma te r i a l s  t e s t e d  t h a t  poses any s ig -  
n i f i c a n t  t o x i c i t y  hazard. Lead oxide i s  c l a s s i f i e d  as a semi-toxic mater ia l ;  
however, t h e r e  appears t o  be l i t t l e  hazard involved i n  i t s  use unless t h e  m a -  
t e r i a l  i s  ingested or inhaled i n  s ign i f i can t  quan t i t i e s .  According t o  t h e  
National Lead Company, t h e  only precaution taken during i t s  manufacture i s  
t h e  use of r e s p i r a t o r s  by workers handling bulk q l ian t i t i es  of t h e  mater ia l .  
H. Economic Considerations 
The raw-material c o s t s  f o r  various s o l i d  ma te r i a l s  from whfch s l u r r i e s  
might be prepared. a r e  shown i n  Figure 10. Careful consideration must be given 
t o  t h e  mininun spec i f ic  g rav i ty  which would acconplish t h e  des i red  r e s u l t s .  
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Figwe 9. Variation of Apparent Viscos i t ies  for a Lead 
Oxide Slurry (Sp. G r .  = 4.0) with Shear Rates. 
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For example, i f  a spec i f i c  g rav i ty  of 3.0 would permit a reasonable approach 
t o  the  desired goal, t he  economic advafitages afforded by a barium s u l f a t e  slur- 
ry  a re  considerable.  However, i f  higher spec i f i c  g r a v i t i e s  a r e  required, l ead  
oxide i s  recommended f o r  t h e  slurry so l ids .  
The usual mark-up f o r  t he  pigment dispers ions above mater ia l s  cos t  as 
quoted by commercial suppl ie rs  ranges f’rom 50 t o  100 per cent, depending upon 
the  quant i ty  sold.  Assuming t h a t  t h i s  mark-up could be reduced t o  25 per  
cent for quan t i t i e s  of approximately one mi l l ion  gallons,  t he  quoted p r i ce  
f o r  a l ead  oxide slurry with a spec i f ic  g rav i ty  of 4.0 would be about $6.60 
per  gal lon.  Purchase of one mil l ion ga l lons  a t  t h i s  p r i c e  would require  an 
expendlture of about $1.3 mi l l ion  above r a w  mater ia l s  cos ts .  Quoted p r i ces  
fron ?ori iercial  suppl iers  e e  g n e r e l l  y F, 0, EL t h e i r  plant ,  so the  ndd j  t ional  
expense or shipping and possible demurrage charges m u s t  be added t o  t h i s  
f igure .  Shipment of high dens i ty  mater ia ls  a l s o  poses unique problems. Con- 
vent iona l  railway tank ca r s  have a capacity of 10,000 gal lons but  a gross  
weight l imi t a t ion  of about 140,000 lbs .  Thus, a tank c a r  could car ry  only 
4200 ga l lons  of a s l u r r y  with a spec i f i c  g rav i ty  of 4.0. Sloshing of 4200 
ga l lons  of such a high-density mater ia l  i n  a 10,000 gal lon enclosure could 
have unfortunate CoriseyueIices. 
some 240 tank c a r s  within a sho r t  period of time i s  a formidable task .  
s l u r r i e s  a re  purchased from J. commercial supplier,  some arrangement should be 
negot ia ted with the  suppl ie r  t o  repurchase and dispose of the  slurry when it 
i s  no longer needed. One commercial suppl ie r  of s l u r r i e s  w a s  contacted and 
quoted a p r i ce  of $8.25 per gallon, F.O.B. t h e i r  plant ,  f o r  lead oxide s l u r r y  
w i t h  a spec i f i c  gravi ty  of h . 0  i n  mill ion-gallon quan t i t i e s .  
ind ica ted  that  the  mater ia l  would be repurchased f o r  $1.00 per  gallon, F.O.B. 
Also thc  problem of receiving a ~ d  u ~ l ~ 1 ~ 1 3 i n g  
If the  
This suppl ie r  
I -  t h e i r  plant ,  a f t e r  use. 
Purchase of s l u r r i e s  from commercial suppl iers  would, of course, pre- 
clude any appreciable c a p i t a l  inveS%ment 
t r a i n i n g  new personnel i n  r a the r  specialized s k i l l s .  However, the added f l e x i -  
b i l i t y  afforded by on-s i te  manufacture and the  very considerable economic ad- 
vantages recommend the  construct ion of an on-s i te  processing p i an t  f o r  
producing the  required quant i ty  of high dens i ty  s lu r ry .  
or  t he  necessi ly  f o r  acquiring and 
Current p r i ces  and del ivery information a re  l i s t e d  i n  Table V f o r  t h e  
mater ia l s  most l i k e l y  t o  be used i n  t he  preparat ion of high dens i ty  s lur ry  
formulations . 
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TABIX V 
PRICE AND DELIVERY INFORMATION FOR MATERIALS USED I N  SLURRY FORMULATIONS 
Mater ia l  
Titanium Dioxide (Arlatase grade) ( 3 )  
Zinc Oxi-de (Kadox 72) ( 3 )  
Zinc Oxide (a503 and XX504) ( 3 )  
Lead 0xid.e (Fumed Litharge ) (4) 
Bar ium Sulphate (No. 22 Barytes) ( 5 )  
B a r i u m  Sulphate (Barimate XF) ( 5 )  
Tam01 850 (30% so lu t ion )  (6) 
Ben-A-Gel EN (4) 
Pr ice  per Pound 
$0. esoo(l)  
Price quoted i s  F.O.B. shipping po in t  with minimum f r e i g h t  paid o r  
allowed, 
(*I Pr ize  quoted i s  F.O.B. manufacturing poin t .  
‘3) A s  siApplied by New Jersey  Zinc Company. 
(4’ A s  supplied by Natiozlal Lead Company. 
( 5 )  A s  supplied by Thompson, Weinman and Company 
(6) Supplied. by Robm & Haas Company 
. 
. 
IV. SUbDE?Y AJJD CONCLUSIONS 
The purpose of t h i s  study was t o  develop high-density s l u r r i e s  with spe- 
c i f i c  g r a v i t i e s  from two t o  about six t h a t  would be s u i t a b l e  f o r  use as pressure 
t ransmi t t ing  media i n  the  hydrostatic t e s t i n g  of stage, p rope l lan t  tanks.  S lur -  
r i e s  meeting spec i f i c  g rav i ty  requirements were t o  be thoroughly t e s t e d  and 
characterized, and recommendations were t o  be made f o r  s u i t a b l e  types of equip- 
ment f o r  t h e  preparation, pumping, and storage of t h e  s l u r r i e s .  
Water-based s l u r r i e s  were formulated from a l a r g e  number of mater ia l s ,  and 
it was conclusively shown t h a t  spec i f i c  g r a v i t i e s  from 2.0 t o  6.0 could be 
achieved with conventional chemical processing equipment. Lead oxide w a s  
showi t o  be t h e  most s u i t a b l e  o f  the s o l i d s  t e s t e d  f o r  producing s t a b l e  s l u r -  
r i e s  with a wide range of  spec i f i c  grsvi?Aes. 
d i s t r i b u t i o n ,  t he  optimum type and amount of d i spers ing  agent, and a su i t ab le  
prepara t ion  procedure a r e  therefore spec i f ied  f o r  producing l ead  oxide s l u r r i e s  
with spec i f i c  g r a v i t i e s  t o  4.5.  
The necessary p a r t i c l e  size 
A pre l in ina ry  economic ana lys i s  indicated t h a t  barium s u l f a t e  s l u r r i e s  a r e  
5 igh ly  des i r ab le  fo r  spec i f i c  g r a v i t i e s  t o  about 3.0. Lead oxide s l u r r i e s  a r e  
recommended for spec i f i c  g r a v i t i e s  above 3.0. The economics of purchasing the  
required q u a n t i t i e s  of t h e  slurries from comrlercial suppliers were ccmpred 
wi th  those of building an on-s i te  processing p l an t  f o r  producing t h e  slurries. 
This preliminary ana lys i s  favors the construction of an on - s i t e  f a c i l i t y .  
ever, a comprehensive p i l o t - p l a n t  study i s  s t rongly  recommended before construc- 
t i o n  of a p l an t  i s  undertaken for f u l l - s c a l e  production. P i lo t -p l an t  s tud ie s  
a r e  needed t o  determine the  bes t  method of production and storage, the s u i t a b i l i t y  
of spec i f i c  typesof equipment, and ma te r i a l s  of construction. 
How- 
Additional s tud ie s  a r e  a l s o  needed t o  improve t h e  corrosion c h a r a c t e r i s t i c s  
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exhibited by the slurries when in contact with aluminum alloys. 
prototype testing program utilizing the principles of similarity is also strongly 
A comprehensive 
recommended. 
characteristics of high-density slurries under conditions dynamically similar to 
those of actual operation. 
Such a program would test exhaustively the pressure transmitting 
. 
V. RECOMMENDATIONS FOR FUTURE WORK 
Now t h a t  po ten t i a l ly  f eas ib l e  s l u r r i e s  have been developed, a prototype 
t e s t i n g  program i s  next recommended t o  determine t h e  f e a s i b i l i t y  of hydrosta- 
t i c  t e s t i n g  with high-density s l u r r i e s  under condi t ions dynamically similar 
t o  a c t u a l  operat ional  ones. Bench-scale, laboratory t e s t s  support the  fea-  
s i b i l i t y  of such a t e s t i n g  procedure; however, a more complete analysis ,  par-  
t i c u l a r l y  a% high pressures,  i s  des i rab le  before a f u l l - s c a l e  t e s t  program i s  
begun. 
Several  small-scale models of stage propel lant  tanks should be t e s t e d  
under conditions as similar as possible t o  those a t  m a x i m u m  operat ional  stress 
l e v e l s .  These models should be fabricated from t h e  same mater ia l s  as the  
f u l l - s c a l e  tanks and instrumented with sensitive, presswe-measuring t r ans -  
ducers and s t r a i n  gages. The s t r a i n  and pressure p r o f i l e s  should be cont in-  
uously monitored while t he  tank was under s t a t i c  loads.  These s t r a i n  da ta  
would be p a r t i c u l a r l y  usefu l  i n  determining i f  metal creep might present  
problems under long-term s t a t i c  loads,  i . e . ,  severa l  hundred hours, a t  or 
near t h e  y i e l d  s t rength  of t h e  a l loys  used. 
e f f e c t s  of v ibra t ion  on the  induced s t r e s s e s  and strains. Controlled vibra-  
t i o n a l  energy could be t ransmit ted t o  the  prototype propeliziit tarks frm ex- 
t e r n a l  sources such as high-frequency o s c i l l a t o r s  or mechanical v ib ra to r s  and 
t h e  increased s t r e s s e s  and s t r a i n s  monitored continuously. 
Studies  might a l s o  include the  
The high-density s l u r r i e s  developed i n  the  present  study should a l s o  be 
examined pe r iod ica l ly  f o r  possible  d e - s t a b i l i z i a t i o n  o r  s t r a t i f i c a t i o n  with 
formation of a dens i ty  grad ien t .  A prototype t e s t i n g  study such as the  one 
proposed would bes t  be performed by a laboratory group with a strong background 
i n  instrumentation and physical  t e s t ing  and a capab i l i t y  f o r  analyzing stress 
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response i n  var ious types of Non-Newtonian f l u i d s .  
e f f o r t  a t  a cos t  of aboat $40,000 i s  estimated t o  be s u f f i c i e n t  f o r  t he  recom- 
mended study. 
A nine-month t o  one-year 
The unfavorable corrosion tendencies o f  high pH s l u r r i e s  i n  contact  with 
aluminum a l loys  remains a possible  disadvantage t o  t h e i r  use as proof- tes t ing  
media. 
have been unwt i s f ac to ry .  
Preliminary attempts t o  produce su i t ab le  s l u r r i e s  with a n e u t r a l  pH 
The production of highly-loaded, non-se t t l ing  slur- 
r ies  with a neu t r a l  pH seems unlikely s ince  the  l a rge  ze ta -poten t ia l s  needed 
f o r  slurry s t a b i l i z a t i o n  a r e  generally associated with e i t h e r  a high or a low 
PH. 
a t t a c k  on the  aluminum a l loys  as it i s  a decomposition of t he  slurry s o l i d s  
Studies  t o  date  have shown that t h e  corrosion problem i s  not so much an 
a t  the  s lu r ry -a l loy  in te r face .  Corrosion i n h i b i t o r s  added d i r e c t l y  t o  the  
slurry may a l l e v i a t e  t h i s  problem, o r  d i r e c t  metal  contact  may be prevented 
by applying a very t h i n  f i l m  of a protect ive material, such as a s i l i cone  
o i l ,  t o  t he  tank w a l l s  before addition of the  slurry. A simultaneous i n v e s t i -  
ga t ion  of the  bas ic  corrosion mechanism and an engineering approach t o  de te r -  
mine cont ro l  methods should do much t o  solve t h i s  problem. Additional cor- 
ros ion  s tudies  a r e  thus  recommended t o  solve t h e  aforementioned problems and 
t o  determine the  s u i t a b i l i t y  of mater ia ls  of construct ion for posoiLble use 
i n  slurry production f a c i l i t i e s .  
A laboratory t h a t  i s  equipped with instruments such as a research metal- 
lograph, po ten t ios ta t s ,  an electron microscope, an e lec t ron  microprobe, and 
X-ray, e lec t ron  and neutron d i f f r ac t ion  f a c i l i t i e s  i s  highly des i r ab le  f o r  
s tudy of complex corrosion problems such as encountered i n  t h i s  work. 
equipped laboratory and a research staff with a strong background i n  physical  
A wel l -  
metal lury and corrosion mechanisms i s  e s s e n t i a l  i n  t he  performance of t h i s  
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stuay. 
reasonable estimate f o r  t h i s  phase of t h e  recommended program. 
A one year e f f o r t  a t  a cos t  of about $25,000 i s  believed t o  be a 
Ordinary scale-up methods assume t h a t  t he  e f fec t iveness  of ag i t a t ion  w i l l  
remain cpproximatelythe sitme i f  t h e  same power per  u n i t  volume of  f l u i d  i s  
sapplied t o  the  impeller. 
system t o  the  other .  
ducilzg s l u r r i e s  i n  l a rge  quan t i t i e s  requires  p i lo t -p l an t  or laboratory ex- 
perience f o r  the  ag i t a t ion  p a r t  of t h i s  problem with equipment which would be 
geometrically and dynamically similar t o  t h a t  of any r e s u l t i n g  i n s t a l l a t i o n .  
Large a g i t a t o r  power requirements w i l l  be necessary f o r  batch production of 
s l u r r i e s  ir, quan t i t i e s  as l a rge  as 5,000 gallons.  
This, i n  e f fec t ,  assumes dynamic s imi l a r i t y  from one 
Thus t h e  design of f u l l - s c a l e  p l an t  equipment f o r  pro- 
This suggests t h a t  addi t ion-  
a l  s tud ies  should be made t o  t e s t  the f e a s i b i l i t y  of using a continuous pro- 
duction process r a the r  than batch methods. If t h e  required degree of shear 
and v i scos i ty  cont ro l  can be achieved with moderate-power, high-output con- 
t inuous ag i t a to r s ,  much higher production r a t e s  with lower c a p i t a l  expendi- 
t u r e s  could be rea l ized .  
mail,able which might bemodified t o  perform t h i s  task.  
a g i t a t o r s  a re  shown t o  a f ford  t h e  most p r a c t i c a l  design, addi t iona l  informa- 
t i o n  sueh as optimum l i q u i d  depth, tank diameter, type and number of bay i i e s  
and t h e  f e a s i b i l i t y  of using steam-jacketed tanks should be obtained from 
p i l o t - p l a n t  s tudies .  
with any degree of accuracy the  scaled-up power requirements t o  accomplish 
t h e  desired r e s u l t ,  an approximation may be made from t h e  following empirical  
There a r e  several  on-line, commercial mixing u n i t s  
If,  however, batch 
Although it i s  not possible  a t  t h e  present t o  determine 
r e  l a t i  on ship : (2) 
. -I 
( * I  J. Ha Perry, Chemical Engineers Handbook, 3rd Edition, p. 224, (1950). 
43 
(Specif ic  Gravity) (1O+p 
320 
Horsepower/cubic foot  = 
where p i s  the  slurry v i scos i ty  i n  centipoise. 
g rax i ty  of 4.0 and a m a x i m u m  viscosi ty  of 10,000 cps, t h e  requirement f o r  a 
5,000 gal lon tank would be about 170 H.P. 
For a slurry with a spec i f i c  
Storage of t h e  slurry would probably bes t  be accomplished i n  large-  
diameter, ag i ta ted  tanks with a low length-to-diameter r a t i o .  Tank height  
should be kept low t o  avoid l a rge  hydrostat ic  heads but, even so, t h i ck  w a l l s  
would be required t o  support t he  large s t r e s ses .  Consideration should a l s o  
be given t o  providing a continuous rotary vacuum f i l t e r  and a tunnel  dryer, 
o r  perhaps a spray drier, so  t h a t  a l l ,  or a t  least a par t ,  of t h e  slurry so l id s  
could be s t m e d  as a dry powder. Storage of p a r t  of t h e  t o t a l  slurry so l id s  
as a dry powder and t h e  remainder as a slurry would permit more f l e x i b i l i t y  
i n  t h e  range of spec i f i c  g r a v i t i e s  readi ly  a t t a inab le .  If, f o r  example, it 
were desired t o  increase the  spec i f ic  grav i ty  of a slurry from 3.0 t o  4.0, 
t h i s  would be much more e a s i l y  accomplished by adding dr ied  so l id s  t o  a low- 
v i s c o s i t y  slurry already a t  a spec i f ic  g rav i ty  of 3.0 than by having t o  re-wet 
and re-disperse  t h e  e n t i r e  quantity of so l id s .  
A small, laboratory-s ize  cent r i fuga l  pump w a s  shown i n  the  present i n -  
ves t iga t ion  t o  be e f f e c t i v e  fcrr punpifig lead  oxide slurries w i t h  s p e c i f i c  
g r a v i t i e s  up t o  4.0. 
posed by fu l l - sca l e  processing, hawever, requi re  fu r the r  study a t  t h e  p i l o t -  
p l a n t  l e v e l  before firm pump recommendations can be made. 
shearing ac t ion  of high speed cent r i fuga l  pumps may a l s o  decrease the  agita- 
t i o n  requirements. P i l o t  p l an t  studies are t h e  b e s t  way t o  determine i n t e r -  
r e l a t e d  requirements such as these. Diaphragm and screw-type pmps  are a l s o  
q u i t e  e f fec t ive  i n  handling s lur r ies ,  but  they a re  lSa t t ed  t o  r a the r  Icrw 
The high flaw rate and high pressure requirements im- 
The addi t iona l  
e 
flow rates and relatively small heads. Preliminary results suggest the glandless- 
type centrifugal slurry pumps to be the most likely choice. 
cations to conventional slurry pumps may be required, however, because of the 
Special design modifi- 
c 
high head and flow rate requirements. 
practically with single-impeller, turbine pmps is about 250 to 300 feet of 
The maximum head that can be generated 
water. For higher heads, two or more impellers are generally placed in series. 
Heads to 1000 feet may be generated with multi-stage turbine pumps. 
Plug-type valves with teflon liners are recommended for use in slurry 
handling systems. Other types of valves are more susceptible to blockage and 
fouling and are rarely satisfactory when handling suspended solids. 
Proper choice of materials of construction may make possible a consider- 
able reduction of capital expenditures. For example, if mild steel instead 
of stainless steel is suitable a large savings would be realized. Since lead 
pigments are widely used as corrosion inhibitors for steel, it is likely that 
mild steel may be acceptable. Only further corrosion studies with typical 
materials of construction will provide these answers. 
A number of equipment manufacturers conduct pilot plant studies for 
equipment scale-up and process optimization. The recommended pilot plant 
study could be performed by an equipment manufacturer or a rilore LzQm-Lial 
study might be accomplished by a non-profit, university sponsored resemch 
group. 
of Chemical Engineering or an Engineering Experiment Station could probably 
be completed in nine to 18 months at a cost of from $50,000 to $70,000, de- 
pending upon the amount of equipment that would have to be purchased and the 
A pilot-plant study conducted by a non-profit group such as a School 
availability of trained research personnel. A comparable study by a commercial 
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manufacturer would probably cos t  50 t o  100 per cent more but could l i k e l y  be 
completed i n  l e s s  time. 
0 
A comprehensive research program i n  w&L~h 211 t h ree  of t h e  recommended 
study areas  a re  performed simultaneouly could be accomplished more economically 
s ince the re  would be l e s s  dupl icat ion of equipment and e f f o r t  and a b e t t e r  
coordinated program should r e s u l t .  
p le ted  i n  I 2  t o  18 months a t  a cos t  of about $90,000 t o  $lOg,OOO. 
A combined program could probably be com- 
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